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(57) ABSTRACT

A power converter includes a control unit that generates a
modulated wave synchronized with an output voltage com-
mand and a carrier wave having a frequency higher than a
frequency of the modulated wave, the control unit control-
ling the power converter by comparing the modulated wave
and the carrier wave to output a switching signal for driving
a switching element. When a modulation factor in convert-
ing DC power mto AC power 1s equal to or higher than a
mode switching modulation factor and i1s lower than n/4, the
power converter converts the DC power into the AC power
in an over-modulation mode, in which switching of the
switching element 1s stopped for a period longer than one
cycle of the carrier wave, 1n a first period 1n which an output
voltage command 1s positive and timing of a positive peak
value of the output voltage command 1s included.

20 Claims, 13 Drawing Sheets
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FIG.11
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FIG.12
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POWER CONVERTER AND VEHICLE
DRIVING SYSTEM

FIELD

The present invention relates to a power converter that

performs pulse width modulation (hereinafter referred to as
“PWM”) control.

BACKGROUND

There has been widely known a power converter that
performs PWM control by comparing a modulated wave
synchronized with an AC output voltage and a carrier wave
consisting of a triangular wave, a saw-tooth wave, or the like
and having a frequency higher than the frequency of the
modulated wave. For example, Non Patent Literature 1
described below discloses a general technology concerning
the PWM control. The PWM control includes a synchronous
PWM mode (heremaiter simply referred to as “synchronous
mode”) 1 which the modulated wave and the carrier wave
are synchronized and an asynchronous PWM mode (here-
iafter simply referred to as “asynchronous mode™) in which
the carrier wave Irequency 1s increased and control 1s
performed without synchronizing the modulated wave and
the carrier wave. For example, in a power converter for
motor driving, it 1s widely known that, while an output
voltage 1s 1ncreased as an output frequency increases, the
power converter 1s shifted from the asynchronous mode to
the synchronous mode and operated according to the
increase 1n the output frequency.

Patent Literature 1 described below discloses a technol-
ogy for gradually increasing the amplitude of a modulated
wave according to an output voltage command value and,
when a modulation factor at which the maximum amplitude
of the modulated wave coincides with the maximum value
of a carrier wave reaches m/4, shifting to an over-modulation
mode 1n which a value of the modulated wave 1s always set
larger than a value of the carrier wave for a period longer
than one cycle of the carrier wave to stop switching.
According to the technology of the patent literature, because
the over-modulation mode 1s applied when the modulation
tactor 1s equal to or higher than 7/4, 1t 1s possible to suppress
occurrence of a narrow width pulse (hereimnafter referred to
as “narrow pulse”) around a peak value of an output voltage
command 1n a state 1n which the modulation factor 1s equal
to or higher than /4.

CITATION LIST
Patent Literature

Patent Literature 1: Japanese Patent Application Laid-Open
No. H7-2277085

Non Patent Literature

Non Patent Literature 1: Hidehiko Sugimoto “Theory of an
AC Servo System and Actual Design” Sogo Denshi
Shuppan Co., Ltd. 1990

SUMMARY
Technical Problem

However, 1n the conventional technology, there 1s a prob-
lem 1n that, when the carrier wave frequency i1s particularly
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2

high, the narrow pulse sometimes occurs even when the
modulation factor 1s lower than m/4 and 1t 1s likely that
vibration occurs 1n a voltage applied to a load by the power
converter (hereinatter referred to as “AC output voltage™ or
simply referred to as “‘output voltage”) because of the
occurrence of the narrow pulse and induction failures occur.

The present invention has been devised in view of the
above and it 1s an object of the present mnvention to obtain
a power converter and a vehicle driving system that can
suppress occurrence ol a narrow pulse irrespective of the
level of a carrier frequency and suppress occurrence of
induction failures.

Solution to Problem

To solve the above problem and achieve an object, an
aspect of the present invention includes a power converting
unit including a switching element, the power converting
unmt converting DC power into AC power; and a control unit
including a modulated-wave generating unit to generate a
modulated wave synchronized with an output voltage com-
mand of the power converting unit and a carrier-wave
generating unit to output a carrier wave having a frequency
higher than a frequency of the modulated wave, the control
unit controlling the power converting unit by comparing the
modulated wave and the carrier wave to output a switching
signal for driving the switching element, wherein when a
modulation factor in converting the DC power into the AC
power 1s equal to or higher than a mode switching modu-
lation factor and 1s lower than /4, the power converting unit
converts the DC power mto the AC power 1 an over-
modulation mode, 1n which switching of the switching
clement 1s stopped for a period longer than one cycle of the
carrier wave, 1n a first period 1n which an output voltage
command 1s positive and timing of a positive peak value of
the output voltage command 1s 1ncluded.

Advantageous Elflects of Invention

According to the present invention, there 1s an eflect that,
because the power converting unit performs the power
conversion 1n the over-modulation mode 1n the first period
that 1s the period i which the output voltage command 1s
positive from the point 1n time when the modulation factor
1s lower than m/4, the first period including the timing of the
positive peak value of the output voltage command, 1t 1s
possible to suppress occurrence of a narrow pulse rrespec-
tive of the level of a carrier frequency and suppress occur-
rence ol induction failures.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 1s a diagram showing the configuration of a power
converter according to a first embodiment.

FIG. 2 1s a diagram showing a relation between a modu-
lation factor and an output frequency of the power converter
according to the first embodiment.

FIG. 3 1s a diagram for explaining a definition of a
modulation factor PMF 1n this specification.

FIG. 4 1s a diagram showing pulse waveforms of a
synchronous multi-pulse mode and an over-modulation
mode applied to the power converter according to the first
embodiment.

FIG. 5 1s a diagram showing a configuration example of
a modulated-wave generating unit.

FIG. 6 1s a diagram showing a configuration example of
a mode selecting unait.
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FIG. 7 1s a diagram showing a configuration example of
a correction-coeflicient selecting unait.
FIG. 8 1s a diagram showing a configuration example of

a specific-phase selecting unit.

FI1G. 9 1s a diagram showing a configuration example of >
a modulation-factor selecting unit.

FIG. 10 1s a diagram showing an operation example of a
modulation-factor selecting unat.

FIG. 11 1s a diagram for explaining occurrence of a
narrow pulse. 10
FIG. 12 1s a diagram for explaining a method of sup-

pressing the occurrence of the narrow pulse.

FIG. 13 1s a diagram showing phase widths of a specific
phase section 1n the over-modulation mode applied to the
power converter according to the first embodiment. 15

FIG. 14 1s a diagram showing a relation between a lower
limit modulation factor for securing a minimum pulse width
and a carrier wave frequency in the first embodiment.

FIG. 15 1s a diagram showing a configuration example of
a vehicle driving system in which the power converter 2¢
according to the first embodiment 1s applied to a railroad
vehicle.

FIG. 16 1s a diagram showing a relation between a lower
limit modulation factor for securing a minimum pulse width
and a carrier wave frequency in a third embodiment. 23

DESCRIPTION OF EMBODIMENTS

Power converters according to embodiments of the pres-
ent invention are explained below with reference to the 30
accompanying drawings. Note that the present invention 1s
not limited by the embodiments explained below.

First Embodiment
35

FIG. 1 1s a diagram showing the configuration of a power
converter according to a first embodiment. As shown in the
figure, the power converter in the first embodiment includes
a power converting unit 2, a DC power source 3, a control
unit 20, and a voltage detecting unit 10 as components for 40
driving an AC load 1, which 1s, for example, an AC motor.
The control unit 20 1includes a switching-signal generating
unit 4 and a modulation-factor computing unit 8. The
switching-signal generating unit 4 icludes a carrier-wave
generating unit 5, a modulated-wave generating unit 6, and 45
a comparing unit 7. Note that, in FIG. 1, the switching-signal
generating unit 4 1s configured to include the carrier-wave
generating unit 5 and the modulated-wave generating unit 6.
However, the carrier-wave generating unit 5 and the modu-
lated-wave generating unit 6 can be provided on the outside 50
of the switching-signal generating unit 4. One power con-
verter 1s configured by combiming the power converting unit
2 and the control unit 20.

The power converting unit 2 has a function of converting,
DC power supplied from the DC power source 3 into AC 55
power and supplying the AC power to the AC load 1. For
modulation factor computation explained below, the power
detecting unit 10 detects a DC voltage EFC output to an
iput side (a DC power source side: the left side 1n FIG. 1)
of the power converting unit 2 from the DC power source 3 60
and outputs the DC voltage EFC to the modulation-factor
computing unit 8.

FI1G. 2 1s a diagram for explaining transition conditions of
a modulation mode 1n the power converter in this embodi-
ment, and 1s a graph showing a relation between a frequency 65
FINV (hereinafter referred to as “output frequency”) of AC
power output to the AC load 1 from the power converting,

4

unit 2 and a modulation factor PMF. The modulation factor
PMF 1s determined by an output voltage output to the AC
load 1 and a voltage EFC (heremaftter referred to as “DC
voltage™) of the DC power supplied from the DC power
source 3.

In FIG. 2, a straight line L1 indicated by a solid line 1s an
example of a typical control curve at the time when the
power converter 1s controlled. A straight line .2 indicated by
a solid line 1s a control curve by a synchronous one pulse
(1P) mode. A straight line L3 indicated by a broken line 1s
a lower limit modulation factor. All of the straight lines are
represented as functions of the output voltage frequency
FINV. A straight line L4 indicated by a broken line 1s a first
mode switching frequency F1 for performing switching of
the modulation mode 1n this embodiment. A straight line LS
indicated by an alternate long and short dash line 1s a second
mode switching frequency F2 for performing switching of
the modulation mode 1n this embodiment. A straight line L6
indicated by an alternate long and short dash line 1s a third
mode switching frequency F3 for performing switching of
the modulation mode 1n this embodiment.

Note that, in FIG. 2, the modulation factor PMF at an
intersection of the straight line L1 and the straight line .3 (or
[.4) 1s represented as a first mode switching modulation
factor PMF1, the modulation factor PMF at an intersection
of the straight line L1 and the straight line LS 1s represented
as a second mode switching modulation factor PMF2, and
the modulation factor PMF at an intersection of the straight
line L1 and the straight line 1.2 1s represented as a third mode
switching modulation factor PMF3.

In this embodiment, the straight line L3 1s a boundary line
indicating, for each of frequencies, a modulation factor
lower limit value in applying an over-modulation mode
explained below. The first mode switching frequency F3 is
a boundary line between an asynchronous mode and a
synchronous mode. As shown in FIG. 2, an operation region
of the power converter according to this embodiment 1is
divided into four regions by the straight lines 1.3 and L4, a

horizontal axis, and a vertical axis as explained below.
(2.1) Asynchronous Modulation PWM Region (Region

R1)

A region surrounded by the horizontal axis, the vertical
axis, .3, and L4. The power converter 1s controlled by the
asynchronous mode 1n which an asynchronous carrier wave
1s used.

(2.2) Asynchronous Over-Modulation PWM Region (Re-
gion R2)

A region surrounded by the vertical axis, L3, and [L4. A
non-operating region in which the power converter 1s con-
trolled not to operate due to deviation to the region.

(2.3) Synchronous Modulation PWM Region (Region R3)

A region surrounded by the horizontal axis, L3, and L4.
A region 1n which the power converter operates 1n restart and
notch-ofl.

(2.4) Synchronous Modulation PWM Region (Region R4)

A region surrounded by L3 and L4. Modulated PWM
control using a synchronous carrier wave 1s performed.

The power converting unit 2 basically outputs AC power
along the straight lines .1 and L2. Therefore, the power
converting unit 2 basically controls the AC power in the
region R1 and the region R4. However, in the case of
notch-ofl for performing an operation stop when an AC load
1s changed to a coasting state and in the case of a restart for
performing a start 1in the coasting state of the AC load, the
power converter operates below the straight lines L1 and L2.
Theretfore, when the restart and the notch-off are performed
in a state 1 which an output frequency 1s 1n a high-speed
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region, the AC power may be controlled even 1n the region
R3. On the other hand, because the AC power does not
deviate exceeding the straight lines L1 and L2, the AC
power 1s not controlled i the region R2. In the following

description, explanation 1s omitted concerning the control of 5

the AC power 1n the cases of the restart and the notch-ofl.
Theretfore, power conversion control 1n the regions R1 and
R4 1s explained.

Up to the modulation factor PMF 100%, which 1s a limit
of the output voltage, power conversion 1s performed
according to a control system called variable voltage vari-
able frequency (VVVF) control. The power converting unit
2 outputs the AC power such that the output frequency FINV
and the output voltage (or the modulation factor PMF)
increase while keeping a fixed ratio. On the other hand, after
the modulation factor PMF reaches a limit value 100%,
power conversion 1s performed according to a control sys-
tem called constant voltage variable frequency (CVVFEF)
control. The power converting umt 2 outputs the AC power
such that the output frequency increases while the output
voltage 1s fixed.

A state in which the modulation factor PMF 1s 100% 1s
defined so that the modulation factor becomes a modulation
factor during a synchronous one pulse mode (180° energi-
zation or rectangular wave driving) publicly known 1n this
technical field (a definition of the modulation factor 1s
separately explained below). In this embodiment, a form 1n
which the CVVF control 1s performed in a state of the
modulation factor 100% 1s explained. However, not only
this, but the CVVF control can be carried out at any
modulation factor PMF or a ratio of the output frequency
FINV and the output voltage (or the modulation factor PMF)
can be adjusted and the VVVF control can be carried out 1n
all regions 1n which the AC load operates.

In FIG. 2, as the output frequency FINV and the modu-
lation factor PMF increase, the modulation mode of the
power converting unit 2 1s switched to the asynchronous
mode, the synchronous multi-pulse mode (1n this embodi-
ment, a synchronous 27 pulse mode 1s illustrated), the
over-modulation synchronous mode, and the synchronous
one pulse mode. More specifically, when the output ire-
quency FINV i1s lower than F1, that 1s, the modulation factor
PMF 1s lower than PMF1, the power converter operates 1n
the asynchronous mode. When the output frequency FINV 1s
equal to or higher than F1 and lower than F2, that 1s, when
the modulation factor PWM PMF 1s equal to or higher than
PMF1 and lower than PMF2, the power converter operates
in the synchronous multi-pulse mode. When the output
frequency FINV 1s equal to or higher than F2 and lower than
F3, that 1s, when the modulation factor PWM PMF 1s equal
to or higher than PMF2 and lower than PMF3, the power
converter operates 1 the over-modulation PWM mode.
When the output frequency FINV 1s equal to or higher than
F3, that 1s, when the modulation factor PWM PMF 1s equal
to or higher than PMF3, the power converter operates in the
synchronous one pulse mode. When PWM 2 for determining
a start of the over-modulation synchronous mode is set to a
ratio equal to or lower than m/4, the over-modulation syn-
chronous mode 1s started from a point 1n time when the
modulation factor PMF 1s lower than n/4. Concerning the
asynchronous mode and the synchronous one pulse mode, a
publicly-known control method disclosed 1n Non Patent
Literature 1 explained above and the like only has to be
applied. Note that the over-modulation mode 1s a modulation
mode for stopping, 1n a period including timing of a maxi-
mum or a minimum of the AC output voltage, switching for
a period longer than one cycle of a carrier wave determined

10

15

20

25

30

35

40

45

50

55

60

65

6

by a carrier wave frequency. The over-modulation synchro-
nous mode 1s a modulation mode 1n which a carrier wave
and a modulated wave are synchronized in the over-modu-
lation mode.

Note that there are various ways of defining the modula-
tion factor PMF. A definition of the modulation factor PMF
in this specification 1s clanfied. FIG. 3 1s a diagram {for
explaining the definition of the modulation factor PMF 1n
this specification.

When the AC load 1 1s driven by the power converting,
unit 2, vector control for dividing an electric current flowing,
out from and flowing into the AC load 1 into an excitation
current (a d-axis current) and a torque current (a g-axis
current) and individually controlling the excitation current
and the torque current 1s often performed. When the vector
control 1s performed, an excitation voltage (a d-axis voltage)
and a torque voltage (a g-axis voltage) are generated on the
inside of the switching-signal generating unit 4. Therefore,
in this specification, as 1indicated by Expression (1)
described later, an output voltage command IV*| 1s repre-
sented by a square root of a square sum of a d-axis voltage
Vd and a g-axis voltage Vq orthogonal to each other
(heremaftter referred to as “two-phase dq voltage amplitude”
as appropriate).

When the two-phase dqg voltage amplitude 1s converted
into a voltage value of a three-phase UVW coordinate
system (heremafter referred to as “three-phase uvw voltage
amplitude” as appropriate), as shown 1 FIG. 3, the two-
phase dq voltage amplitude is multiplied with V(24), which
1s a conversion coellicient by the coordinate conversion. In
the following explanation, as shown in the figure, when the
three-phase uvw voltage amplitude 1s converted into a
three-phase modulation factor in terms of the asynchronous
mode, the three-phase uvw voltage amplitude 1s multiplied
with (2/EFC), which 1s a conversion coeflicient. When the
three-phase modulation factor of the asynchronous conver-
sion 1s converted into a three-phase modulation factor in
terms of the one pulse (1P) mode, the three-phase modula-
tion factor 1s multiplied with (;t/4). The 1P conversion means
that the modulation factor PMF during the one pulse mode
(180° energization) publicly known 1n this technical field 1s
set to 17,

Therefore, if V(Vd®+Vq®), which is the two-phase dq
voltage amplitude, 1s sequentially multiplied with these
coellicients, a definitional equation of the modulation factor
PMF indicated by the following expression 1s obtained.

PMF= (VA& + Vg )xV(253)x(2/EFC)x (/)= (6))xV
(Vd*+Vqg*VEFC

Note that, when the three-phase modulation factor of the
1P conversion 1s converted into the two-phase dq voltage
amplitude, conversion processing from the right side to the
left side only has to be performed according to the inverses
of the conversion coeflicients, that 1s, conversion coeflicients
shown on the lower side in the figure.

Referring back to FIG. 1, the power converting operation
in the power converting unit 2 1s performed by driving,
according to switching signals SWu, SWv, and SWw gen-
crated by the switching-signal generating unit 4, a plurality
of semiconductor switch elements configuring the power
converting umt 2. Note that, concerning the configuration of
the power converting unit 2, please refer to FIG. 15 referred
to below.

The switching-signal generating unit 4 generates, on the
basis of an output voltage phase angle command 0* input
from the outside and the modulation factor PMF 1nput via
the modulation-factor computing unit 8, the switching sig-
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nals SWu, SWv, and SWw for controlling the power con-
verting unit 2. Specifically, the modulated-wave generating
unit 6 outputs modulated waves cu, av, and aw, which are
AC wavelorm signals generated on the basis of the output
voltage command IV*|, as signals. The carrier-wave gener-
ating unit 5 outputs, as a signal, a carrier wave that 1s based
on a saw-tooth wave, a triangular wave, or the like and has
a Ifrequency higher than the frequency of the modulated
wave. The frequency of the carrier wave 1s basically a
switching frequency of the power converting unit 2 except
the case of the over-modulation mode. The modulated wave
generated by the modulated-wave generating unit 6 and the
carrier wave generated by the carrier-wave generating unit 3
are mdependent signals not synchronizing with each other in
the asynchronous mode, and are generated as signals syn-
chronizing with each other 1n the synchronous mode. The
carrier wave signals and the modulated wave signals are
input to the comparing umt 7. The switching signals SWu,
SWv, and SWw are generated on the basis of a magnitude
relation of respective signal values that change every
moment and are output to the power converting unit 2.

For example, when the power converting unit 2 1s a
two-level mnverter, signals described below corresponding to
a magnitude relation between the modulated wave and the
carrier wave are generated as switching signals output to the
power converting unit 2.

(a) In a period 1n which the modulated wave>the carrier
wave

A signal for selecting high-order side potential of a DC
voltage mput

(b) In a period 1n which the modulated wave<the carrier
wave

A signal for selecting low-order side potential of the DC
voltage mput

Note that the AC load 1 1s shown as a three-phase load 1n
FIG. 1. However, the AC load 1 can be a multi-phase AC
load to which a multi-phase alternating voltage 1s applied.
When the AC load 1 1s the multi-phase alternating load,
signals corresponding to respective phases are generated as
the modulated wave, and the carrier wave and the modulated
wave are compared with respect to the respective phases,
whereby switching signals corresponding to the respective
phases are generated and output to the power converting unit
2.

In this way, the switching signals generated by the switch-
ing-signal generating unit 4 are output to the power con-
verting unit 2, the PWM modulation 1s performed, and the
DC power 1s converted into the multi-phase AC power, and
the AC load 1 1s driven.

Note that the control method explained 1n the preceding
paragraphs 1s a publicly-known technology and 1s applied in
the respective modulation mode 1n common. More detailed
contents are described 1n, for example, Non Patent Literature
1 described above. Therefore, further explanation 1s omitted.

Control methods 1n the respective modulation modes are
explained. However, as explained above, the publicly-
known control method disclosed 1n Non Patent Literature 1
and the like can be applied concerning the asynchronous
mode and the synchronous one pulse mode. Therelore,
explanation of the asynchronous mode and the synchronous
one pulse mode 1s omitted. The synchronous multi-pulse
mode and the over-modulation synchronous mode (herein-
alter sometimes simply referred to as “over-modulation
mode” as well) are explained below.

The synchronous multi-pulse mode 1s a modulation mode
provided to more smoothly perform a shift from the asyn-
chronous mode to the over-modulation synchronous mode
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explained below. Specifically, the synchronous multi-pulse
mode 1s a modulation mode 1n which the modulated wave
and the carrier wave are synchronized. In this embodiment,
the synchronous multi-pulse mode 1s a synchronous twenty-
seven pulse mode 1n which the number of pulses included 1n
one cycle of an AC output 1s twenty-seven. However, the
number of pulses included 1n one cycle only has to be a
multiple of 3 and an odd number. However, the number of
pulses 1s set to be larger than the number of pulses 1n the
over-modulation synchronous mode explained below. The
synchronous multi-pulse mode 1s applied while the asyn-
chronous mode shifts to the over-modulation synchronous
mode. However, the asynchronous mode can be directly
switched to the over-modulation synchronous mode. Fur-
ther, 1n this embodiment, the over-modulation synchronous
mode 1n which the carrier wave and the modulated wave are
synchronized i1s applied as the over-modulation mode. How-
ever, an over-modulation asynchronous mode 1n which the
carrier wave and the modulated wave are not synchronized
can be applied as the over-modulation mode. In such a case,
it 1s desirable to directly transition the asynchronous mode
to the over-modulation asynchronous mode.

Subsequently, the over-modulation synchronous mode
applied 1n this embodiment 1s explained in comparison with
the conventional over-modulation mode. Various methods
are conceivable as a specific method for realizing the over-
modulation mode. However, 1n the conventional over-modu-
lation mode, for example, as disclosed 1n Patent Literature 1,
the over-modulation mode 1s realized by gradually increas-
ing the maximum amplitude of the modulated wave accord-
ing to an output voltage command to set a maximum of the
modulated wave larger than a maximum value of the carrier
wave. In such a conventional over-modulation mode, the
over-modulation mode 1s started at a point 1n time when the
maximum amplitude of the modulated wave 1s equal to or
larger than the maximum value of the carrier wave, that 1s,
at a point 1n time when the modulation factor 1s /4 while a
maximum amplitude value of the modulated wave, which 1s
a sine wave, 1s gradually increased according to an output
voltage command 1n the asynchronous mode. That 1s,
because the asynchronous mode shifts to the over-modula-
tion mode when the maximum amplitude value of the
modulated wave 1s gradually increased according to the
output voltage command, the over-modulation mode 1is
naturally started when the modulation factor 1s /4. In the
over-modulation mode, the magnitude relation between the
modulated wave and the carrier wave 1s fixed for a fixed
period centering on a phase of the maximum amplitude
value of the modulated wave. A carrier wave pulse included
in the period 1s not actually output. The switching 1s stopped.
Theretfore, when the modulation factor 1s equal to or higher
than /4, 1t 1s possible to suppress occurrence of the narrow
pulse around the peak value of the output voltage.

In the conventional over-modulation mode, a stop period
of the switching 1s continuously increased by gradually
increasing an amplitude value of the modulated wave as the
output frequency increases even aiter the over-modulation
mode 1s started. That 1s, the conventional over-modulation
mode 1s started from the point in time when the modulation
factor 1s /4 while the modulation factor i1s continuously
increased from the asynchronous mode. Thereafter, the
switching stop period in the over-modulation mode continu-
ously changes. As a result, even when the modulation factor
1s equal to or higher than /4, the narrow pulse 1s likely to
occur immediately before a switching stop section while the
modulation factor transitionally changes.
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The over-modulation mode applied 1n this embodiment 1s
explained. FIG. 4(a) 1s a diagram showing the modulated
wave and the carrier wave and a pulse waveform 1n the
synchronous multi-pulse mode (the synchronous twenty-
seven pulse mode). FIG. 4(b) 1s a diagram showing the
modulated wave and the carrier wave and a pulse wavelorm
in the over-modulation synchronous mode applied 1n this
embodiment. In FIG. 4(a) and FIG. 4(b), a figure in each
upper part indicates the modulated wave and the carrier
wave, and a figure in each lower part indicates the pulse
wavelorm. Note that the modulation factor PMF 1n FIG. 4 1s
0.75. In FIG. 4(a), although the modulation factor PMF 1s
0.75 smaller than m/4, the narrow pulse occurs around a peak
value (a peak value of the modulated wave) 1n an output
voltage as shown in the figure. Therefore, in the conven-
tional over-modulation mode started from a point 1n time
when the modulation factor PMF 1s equal to or higher than
/4, the occurrence of the narrow pulse cannot be sup-
pressed.

On the other hand, in the over-modulation mode applied
in this embodiment, as shown 1n FIG. 4(b), the modulated
wave 1s not associated with a sine wave calculated according,
to an output voltage command 1n a specific phase section
(“specific phase section” 1s hereinaiter referred to merely as
“specific phase section”, or referred to as “first period” on a
positive side of an AC output and “second period” on a
negative side of the AC output). A signal having a value
larger than a value of the carrier wave (a smaller value on the
negative side) 1s output as the modulated wave such that the
switching 1s stopped 1n the specific phase section and a pulse
around the peak value, which 1s a factor of the narrow pulse
occurrence, 1s eliminated. Note that the specific phase sec-
tion 1s a period including a peak value (a maximum or a
mimmum) on the positive side (or the negative side) of the
AC output voltage (or the output voltage command). Note
that, in this embodiment, the modulated wave 1s set to a
value different from a value of a normal sine wave 1n the
specific phase section to stop the switching. However, the
switching can be stopped by setting a value of the carrier
wave to a value diflerent from a value of a triangular wave
or the like (e.g., any value equal to or smaller than O on the
positive side and any value equal to or larger than O on the
negative side) such that a magnitude relation between the
modulated wave and the carrier wave 1s fixed 1n the specific
phase section.

In FIG. 4(b), five pulses equivalent to five cycles of the
carrier wave are eliminated in each of a positive section and
a negative section on the basis of a wavelorm of the
synchronous twenty-seven pulse mode. As a result, seven-
teen pulses are output in one cycle. Because the specific
phase section for independently stopping the switching
irrespective of the output voltage command 1s provided, a
start of the over-modulation mode can be optionally set. The
modulation mode 1s started from a point in time when the
modulation factor 1s any modulation factor lower than /4.
The occurrence of the narrow pulse 1s suppressed even when
the modulation factor 1s lower than /4. Further, the specific
phase section, in which the switching 1s stopped, 1s discon-
tinuously set according to the modulation factor to more
surely suppress the occurrence of the narrow pulse even
under a transitional situation 1 which an output frequency
after the start of the over-modulation mode increases.

In the over-modulation synchronous mode applied 1n this
embodiment, the specific phase section, 1n which the switch-
ing 1s stopped, 1s increased stepwise as the modulation factor
increases. The specific phase section 1s set such that the
number of pulses eliminated from the number of pulses of
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the synchronous twenty-seven pulse mode serving as a
reference 1s also increased stepwise. Therefore, 1n the same
over-modulation synchronous mode, there are a plurality of
modulation modes 1 which specific phase sections, i1n
which the switching 1s stopped, are different. In an example
explained below, the number of pulses included 1n one cycle
1s changed to seventeen, thirteen, nine, and five 1n the
over-modulation synchronous mode. Modulation modes 1n
the respective numbers of pulses are referred to as over-
modulation synchronous seventeen pulse mode, over-modu-
lation synchronous thirteen pulse mode, over-modulation
synchronous mine pulse mode, and over-modulation syn-
chronous five pulse mode.

As an example of a specific control method of the
over-modulation synchronous mode applied in this embodi-
ment, the operations of the carrier-wave generating unit 5,
the modulated-wave generating unit 6, and the comparing
unit 7 included 1n the switching-signal generating unit 4 and
the modulation-factor computing unit 8 are explained below.

First, the modulation-factor computing unit 8 calculates
the modulation factor PMF according to the following
expression using the DC voltage EFC detected by the
voltage detecting unit 10 and the output voltage command
IV*|, which 1s a command value of an AC voltage applied
to the AC load 1 by the power converting unit 2 when the AC
load 1 1s driven.

VEN(Vd*+Vg?) (1)

PMF=(zV(6))x|V¥/EFC (2)

Referring back to FIG. 1, mnformation concerning the
modulation factor PMF computed by the modulation-factor
computing unit 8 1s input to the modulated-wave generating
unit 6. The modulated-wave generating umit 6 generates the
modulated waves au, av, and aw of a U phase, a V phase,
and a W phase on the basis of the output voltage phase angle
command 0* and the modulation factor PMF computed by
the modulation-factor computing unit 8. The 1nternal con-
figuration and detailed operation of the modulated-wave
generating unit 6 are explained below.

The carrier-wave generating unit 5 generates a carrier
wave Ca common to the U phase, the V phase, and the W
phase on the basis of the output voltage phase angle com-
mand 0%*. The comparing unit 7 compares, for each of the
phases, the modulated waves cu, av, and aw generated by
the modulated-wave generating unit 6 and the carrier wave
Ca generated by the carrier-wave generating unit 5 and
generates switching signals SWu, SWv, and SWw, which are
control signals for the power converting unit 2, on the basis
of a comparison result. The power converting unit 2 1s
controlled according to the switching signals SWu, SWv,
and SWw and applies an output voltage based on the output
voltage command |V*| to the AC load 1 to drive the AC load
1.

Details of the modulated-wave generating unit 6 are
explained with reference to the drawing of FIG. 5. FIG. 5 1s
a diagram showing a configuration example of the modu-
lated-wave generating unmit 6. As shown in FIG. 5, the
modulated-wave generating unit 6 includes a mode selecting
unit 61, a correction-coeflicient table group 62, a correction-
coellicient selecting unit 63, a phase-condition table group
64, a specific-phase selecting unit 63, a three-phase gener-
ating unit 66, a multiplier 67, a modulation-factor selecting
unit 68, and a modulated-wave computing unit 69.

Mode switching in the over-modulation mode 1s realized
by the mode selecting unit 61 generating a mode selection
code modeCD on the basis of the modulation factor PMF
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and the modulation mode being switched on the basis of the
mode selection code modeCD. The generated mode selec-
tion code modeCD 1s output to the correction-coeflicient
selecting unit 63 and the specific-phase selecting unit 65.
Note that more detailed processing of the mode selecting
unit 61 1s explained below.

In the over-modulation synchronous mode applied 1n this
embodiment, a voltage error occurs concerning an output
voltage command for stopping the switching independently
from the output voltage command value. Therefore, to
correct the voltage error, a correction coetfhicient for correct-
ing the voltage error 1s stored 1n the correction-coetlicient
table group 62. A correction coeflicient table for each of the
modulation mode and the modulation factor PMF 1s pro-
vided. In FIG. 5, an over-modulation synchronous five pulse
mode (heremafter referred to as “mode 5p” according to
necessity; the same applies to other modes), an over-modu-
lation synchronous nine pulse mode (mode 9p), and an
over-modulation synchronous thirteen pulse mode (mode
13p) are 1llustrated. However, 1n the power converter 1n the
first embodiment, an over-modulation synchronous seven-
teen pulse mode (mode 17p) and a synchronous twenty-
seven pulse mode (mode 27p) are also assumed. A detailed
setting method for the correction coeflicient 1s explained
below.

The modulation factor PMF 1s mput to the correction-
coellicient table group 62. Correction coeflicients corre-
sponding to the modulation factor PMF, that 1s, candidate
values of the correction coeflicients are selected from the
correction coelflicient tables and mput to the correction-
coellicient selecting unit 63.

Besides the candidates values of the correction coetli-
cients, the mode selection code modeCD from the mode
selecting unit 61 1s input to the correction-coethicient select-
ing unit 63. The correction-coeflicient selecting unit 63
selects a correction coetlicient corresponding to the mode
selection code modeCD out of the candidate values of the
correction coellicients and outputs the correction coetlicient
to the multiplier 67. Note that more detailed processing of
the correction-coetlicient selecting unit 63 1s explained
below.

In the phase-condition table group 64, a phase angle value
called specific phase for determining a specific phase section
1s stored for each of the modulation modes in the over-
modulation synchronous mode 1n this embodiment. When
the specific phase 1s represented as Os, the specific phase Os

can be defined, for example, as indicated by the following
CXPression.

Os = NoverfNca x90 |deg] (4)

= Nover/Nca X (n/2) [rad]

In Expression (4) described above, meanings of Nover
and Nca are as described below.
Nover: the number of output pulses during over modulation
Nca: The number of waves of a carrier wave 1n one cycle of
a modulated wave

Note that the phase-condition table group 64 1s configured
to store phase angle values computed in advance. However,
the phase-condition table group 64 does not particularly
need to be limited to this configuration. The phase angle
values can be always computed according to Expression (4)
described above.
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Retferring back to FIG. 5, the candidate values of the
specific phase Os stored in the phase-condition table group
64 arec mput to the specific-phase selecting umt 65. The
specific-phase selecting unit 65 selects the specific phase Os
corresponding to the mode selection code modeCD out of
the candidate values of the specific phase Os and outputs the
specific phase 0Os to the modulation-factor selecting unit 68.
Note that more detailed processing of the specific-phase
selecting unit 65 1s explained below.

The output voltage phase angle command 0* 1s 1nput to
the three-phase generating unit 66. The three-phase gener-
ating unit 66 generates, on the basis of the output voltage
phase angle command 0* inputted, phase angles (hereinafter
referred to as “modulated wave phase angles™) Ou, Ov, and
Ow used 1n generating the modulated waves cu, av, and aw
and outputs the modulated wave phase angles Ou, Ov, and Ow
to the modulation-factor selecting unit 68 and the modu-
lated-wave computing unmit 69.

The modulation factor PMF and a correction coetlicient
Kp from the correction-coeflicient selecting unit 63 are input
to the multiplier 67. The multiplier 67 multiplies the modu-
lation factor PMF with the correction coeflicient Kp and
outputs the modulation factor PMF to the modulation-factor
selecting unit 68.

In addition to the correction coeflicient Kp, the specific
phases Os from the specific-phase selecting unit 65 and the
modulated wave phase angles Ou, Ov, and Ow generated by
the three-phase generating unmit 66 are mput to the modula-
tion-factor selecting unit 68. The modulation-factor select-
ing unit 68 compares magnitude relations between the
respective modulated wave phase angles Ou, Ov, and 0w and
the specific phase 0Os, selects, on the basis of a comparison
result of the magnitude relations, one of the modulation
factor PMF corrected by the multiplier 67 and a default
value of a modulation factor set on the inside of the
modulation-factor selecting unit 68, and outputs the modu-
lation factor PMF or the default value to the modulated-
wave computing unit 69. To suppress the occurrence of the
narrow pulse, the default value 1s set to a value with which
a value of a modulated wave, which 1s an output of the
modulated-wave generating unit 6, 1s surely larger than a
value of a carrier wave. Note that the output of the modu-
lation-factor selecting unit 68 1s used as modulation factors
Au, Av, and Aw when the modulated-wave computing unit
69 generates a modulated wave. Note that the modulation
factors Au, Av, and Aw are values of the modulation factor
for avoiding generation of the narrow pulse explained above
and are hereinaiter referred to as “narrow pulse avoidance
modulation factors”. More detailed processing of the modu-
lation-factor selecting unmit 68 1s explained below.

The modulated wave phase angles Ou, Ov, and Ow gen-
crated by the three-phase generating unit 66 and the narrow
pulse avoidance modulation factors Au, Av, and Aw gener-
ated by the modulation-factor selecting unit 68 are mput to
the modulated-wave computing unit 69. The modulated-
wave computing unit 69 generates the modulated waves au,
av, and aw according to the following expression using the
modulated wave phase angles Ou, Ov, and Ow and the narrow
pulse avoidance modulation factors Au, Av, and Aw.

.

au=Auxsin(Ou)
av=Avxsin{0v)

(3)

More detailed operation of the mode selecting unit 61 1s
explained. FIG. 6 1s a diagram showing a configuration

aw=Awxsin{Ow)
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example of the mode selecting unit 61 shown 1n FIG. 5. As
shown 1n FIG. 6, the mode selecting umit 61 includes four
comparison determiners 611 to 614 and three adders 615 to
617. Each of the comparison determiners 611 to 614
includes an A terminal and a B terminal. The modulation
tactor PMF 1s input to the A terminals. On the other hand,
values input to the B terminals are different for each of the
comparison determiners. Preset values of modulation factors
in switching the respective modulation modes are input. The
comparison determiner 611 executes mode switching of the
synchronous twenty-seven pulse mode and the over-modu-
lation synchronous seventeen pulse mode. The comparison
determiner 612 executes mode switching between the over-
modulation synchronous seventeen pulse mode and the
over-modulation synchronous thirteen pulse mode. The
comparison determiner 613 executes mode switching
between the over-modulation synchronous thirteen pulse
mode and the over-modulation synchronous nine pulse
mode. The comparison determiner 614 executes mode
switching between the over-modulation synchronous nine
pulse mode and the over-modulation synchronous five pulse
mode.

Note that, in FIG. 6, only components used for switching
between the synchronous twenty-seven pulse mode and the
over-modulation synchronous mode, and mode switching 1n
the over-modulation synchronous mode are shown. There-
fore, switching between the asynchronous mode and the
synchronous twenty-seven pulse mode, and switching
between the over-modulation synchronous mode and the
synchronous one pulse mode are not shown. However, a
mode switching method explained below only has to be
applied 1n the same manner.

In this embodiment, a switching modulation factor from
the synchronous twenty-seven pulse mode to the over-
modulation synchronous seventeen pulse mode (the second
mode switching modulation factor PMFEF2: see FI1G. 2) 1s set
to 70% (a modulation factor 0.7), a switching modulation
factor from the over-modulation synchronous seventeen
pulse mode to the over-modulation synchronous thirteen
pulse mode 1s set to 84% (a modulation factor 0.84), a
switching modulation factor from the over-modulation syn-
chronous thirteen pulse mode to the over-modulation syn-
chronous nine pulse mode 1s set to 92% (a modulation factor
0.92), and a switching modulation factor from the over-
modulation synchronous nine pulse mode to the over-modu-
lation synchronous five pulse mode 1s set to 97% (a modu-
lation factor 0.97). However, 1t goes without saying that the
switching modulation factors are not limited to the specific
values of the mode switching modulation factors.

For example, a value “70%7”, that 1s, “0.7” 1s input to the
B terminal of the comparison determiner 611. In the first
embodiment, the value “70% 1s a modulation factor in
switching the modulation mode from a “non-over-modula-
tion synchronous twenty-seven pulse mode” to the “over-
modulation synchronous seventeen pulse mode”. In the first
embodiment, the modulation factor during the 180° energi-
zation 1n one pulse mode 1s set to “1” as explained above.
However, a 70% value at the time when the modulation
factor 1s set to “1” 1s a modulation factor 1n switching the
“non-over-modulation synchronous twenty-seven pulse
mode” to the “over-modulation synchronous seventeen
pulse mode”. In FIG. 6, this 1s written as “switching modu-
lation factor 70% 27p-17p”. In the following explanation,
the other switching modulation factors are written the same.

Continuing the explanation, a switching modulation fac-
tor 84% 1n switching the modulation mode from the “over-
modulation synchronous seventeen pulse mode” to the
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“over-modulation synchronous thirteen pulse mode™ 1s input
to the B terminal of the comparison determiner 612, a
switching modulation factor 92% 1n switching the modula-
tion mode from the “over-modulation synchronous thirteen
pulse mode” to the “over-modulation synchronous nine
pulse mode” 1s 1nput to the B terminal of the comparison
determiner 613, and a switching modulation factor 97% 1n
switching the modulation mode from the “over-modulation
synchronous nine pulse mode” to the “over-modulation
synchronous five pulse mode™ 1s mput to the B terminal of
the comparison determiner 614.

The comparison determiners 611 to 614 output “1” when
A>B 1s satisfied and output “0” when A>B 1s not satisfied,
that 1s, when A=<B 1s satisfied. The adder 615 adds an output
of the comparison determiner 612 to an output of the
comparison determiner 611. The adder 616 adds an output of
the comparison determiner 613 to an output of the adder
615. The adder 617 adds an output of the comparison
determiner 614 to an output of the adder 616. An output of
the adder 617 1s output as the mode selection code modeCD.
The operation of the mode selecting unit 61 explained above
1s summarized as follows.

(a) Modulation mode: the non-over-modulation synchro-
nous twenty-seven pulse mode

Modulation factor: equal to or lower than 70% (the second
mode switching modulation factor PMF2)

Mode selection code modeCD=0

(b) Modulation mode: the over-modulation synchronous
seventeen pulse mode

Modulation factor: higher than 70% and equal to or lower
than 84%

Mode selection code modeCD=1

(c) Modulation mode: the over-modulation synchronous
thirteen pulse mode

Modulation factor: higher than 84% and equal to or lower
than 92%

Mode selection code modeCD=2

(d) Modulation mode: the over-modulation synchronous
nine pulse mode

Modulation factor: higher than 92% and equal to or lower
than 97%

Mode selection code modeCD=3

(¢) Modulation mode: the over-modulation synchronous five
pulse mode

Modulation factor: higher than 97%

Mode selection code modeCD=4

More detailed operation of the correction-coeflicient
selecting unit 63 1s explained. FIG. 7 1s a diagram showing
a configuration example of the correction-coetlicient select-
ing unit 63 shown in FIG. 5. As shown in FIG. 7, the
correction-coethicient selecting unit 63 includes a modula-
tion-factor-correction-coethicient storing unit 631. A correc-
tion coetlicient set 1n advance according to the modulation
mode 1s 1nput to the correction-coetlicient selecting unit 63.
As shown 1n the figure, a storage area corresponding to the
mode selection code modeCD 1s provided 1n the modulation-
factor-correction-coeflicient storing unit 631. The correction
coellicient corresponding to the modulation mode 1s stored
in an area corresponding to the correction coeflicient. For
example, a correction coeflicient 1n the synchronous twenty-
seven pulse mode 1s stored in an area described as
“mode27p”. The correction-coethicient selecting unit 63 sets
the inputted mode selection code modeCD as an index and
outputs, as the modulation factor correction coeflicient Kp,
a correction coeflicient stored in an area of the index.

A setting method for the correction coetlicient 1is
explained. As explained above, 1n the over-modulation mode

e
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applied 1n this embodiment, the switching 1s stopped without
taking into account the output voltage command in the
specific phase section. Therefore, an output voltage
increases by a voltage due to the stop of the switching in the
specific phase section. Therefore, 1t 1s important to correct an
output voltage to be smaller than the output voltage com-
mand 1 a normal switching section (a second section)
excluding the specific phase section to adjust the output
voltage due to the increase in the specific phase section.
Theretore, the correction coeflicient 1s set such that an actual
output voltage 1s smaller than the output voltage command.

Further, the specific phase section 1s different for each of
the pulse modes of the over-modulation synchronous mode.
An amount that should be corrected 1n the switching section
1s different according to the length of the specific phase
section. Therefore, as 1n this embodiment, 1t 1s desirable to
prepare an optimum correction coeflicient for each of the
over-modulation synchronous modes. Taking into account
the fact that the specific phase section increases and the
amount that should be corrected also increases as the modu-
lation mode shifts from the over-modulation synchronous
seventeen pulse mode to the over-modulation synchronous
five pulse mode, the optimum correction coeflicient for each
of the over-modulation synchronous modes 1s set such that
the correction amounts in the switching sections of the
modulation modes increase as the number of pulses included
in the over-modulation synchronous mode decreases.

More detailed operation of the specific-phase selecting
unit 65 1s explained. FIG. 8 1s a diagram showing a con-
figuration example of the specific-phase selecting unit 63
shown 1 FIG. 5. As shown 1n FIG. 8, the specific-phase
selecting unit 65 includes a specific-phase storing unit 651.
A specific phase set 1n advance according to the modulation
mode 1s 1nput to the specific-phase selecting unit 65. As
shown 1n the figure, a storage area corresponding to the
mode selection code modeCD 1s provided in the specific-
phase storing unit 651. The specific phase corresponding to
the modulation mode 1s stored 1n an area corresponding to
the specific phase. For example, a specific phase 1n the
over-modulation synchronous seventeen pulse mode 1s
stored 1n an area described as “model 7p”. The mode selec-
tion code modeCD 1s input to the specific-phase selecting
unit 65. An area 1s designated using the mode selection code
modeCD as an index. The specific phase Os stored 1n the area
1s selected and output. Note that a specific setting method for
a specific phase stored 1n the specific-phase storing unit 651
1s explained below.

More detailed operation of the modulation-factor select-
ing unit 68 1s explaimned with reference to the drawings of
FIG. 9 and FIG. 10. FIG. 9 15 a diagram showing a
configuration example of the modulation-factor selecting
unit 68. FIG. 10 15 a diagram showing an operation example
of the modulation-factor selecting unit 68. As shown in FIG.
9, the modulation-factor selecting unit 68 includes a phase
converting unit 681, a comparison determiner 682, and a
modulated-wave-amplitude switching unit 683. Note that
the modulation-factor selecting unit 68 1s provided for each
of the U, V, and W phases. Operation 1n the U phase 1s
explained below.

A modulated wave phase angle Ou 1s iput to the phase
converting unmt 681. The phase converting unit 681 converts
a value of the modulated wave phase angle Ou to a value of
0° to 90°. In a wavelorm on the upper part side of FIG. 10,
a wavelorm 1ndicated by a thick solid line 1s a waveform of
the phase angle Ou input to the phase converting unit 681. A
triangular wavetform indicated by a thick broken line 1s a
wavelorm output from the phase converting unit 681. When
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phase angles output by the phase converting unit 681 are
represented as Ou', 0v', and Ow', for example, the phase angle
Ou' can be represented as indicated by the following expres-
$1011.

01 '=0u(0°<01<90°)
014'=180°-02(90°<0u < 180°)
Ou'=0u—180°(180°<0u<270°)

0u'=360°—01(270°<0u<360°) (6)

Note that 0v' and Ow' can be represented the same as
Expression (6) described above.

An output of the phase converting unit 681, that 1s, the
phase angle Ou 1s mput to an A terminal of the comparison
determiner 682. The specific phase Os from the specific-
phase selecting unit 65 1s mput to a B terminal. In the
wavelorm on the upper part side of FIG. 10, a wavelorm
indicated by an alternate long and short dash line drawn 1n
parallel to the horizontal axis represents the specific phase
Os.

When the phase angle Ou input to the A terminal 1s smaller
than the specific phase Os input to the B terminal, that 1s,
when Ou<0Os, an output of the comparison determiner 682 1s
“0” (FALSE). The modulated-wave-amplitude switching
unmt 683 seclects and outputs “PMFE xcorrection coetlicient™.
On the other hand, when the phase angle Ou 1s larger than or
equal to the specific phase Os, that 1s, when Ou=0s, the output
of the comparison determiner 682 1s “1” (TRUE). The
modulated-wave-amplitude switching unit 683 selects and
outputs “a value larger than carrier wave amplitude” set 1n
advance. The output of the modulated-wave-amplitude
switching unit 683 1s sent to a processing unit in a post stage,
that 1s, the modulated-wave computing unit 69 as the narrow
pulse avoidance modulation factor Au.

As shown mn FIG. 10, when a phase angle 0 of an
intersection of the phase angle Ou' indicated by a thick
broken line and the specific phase Os indicated by an
alternate long and short dash line 1s represented as 01, 02,
for example, 1n a range 1n which the phase angle Ou 1s equal
to or larger than 0° and equal to or smaller than 01 and 1n a
range 1 which the phase angle Ou 1s equal to or larger than
02 and equal to or smaller than 180°, PMFx*the correction
coellicient” 1s selected as the narrow pulse avoidance modu-
lation factor Au, Av, and Aw. In a range 1n which the phase
angle Ou 1s equal to or larger than 01 and equal to or smaller
than 02, the default explained above, that 1s, “the value
larger than the carrier wave amplitude”, which is the mput
value to the modulated-wave-amplitude switching unit 683,
1s selected. By performing the control in this way, it 1s
possible to suppress the occurrence of the narrow pulse
explained in the technical problem section. Note that a
reason why the occurrence of the narrow pulse can be
suppressed 1s explained below.

FIG. 11 1s a diagram for explaining occurrence of the
narrow pulse in the conventional over-modulation mode.
FIG. 12 1s a diagram for explaining a method of suppressing
occurrence of the narrow pulse 1n the over-modulation mode
applied 1n this embodiment. In both of FIG. 11 and FIG. 12,
a thin solid line 1s a waveform of a carrnier wave (the number
of waves 1n one cycle=27) in the synchronous twenty-seven
pulse mode and 1ndicates a range of %4 of one cycle, that 1s,
a phase angle of 0° to 90°. In a wavelorm indicated by a
thick solid line, a waveform K1 1s a waveform of a modu-
lated wave at the time of the modulation factor PMF=97.8%.
Similarly, a waveform K2 1s a waveform of a modulated
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wave at the time of the modulation factor PMF=94%, a
wavelorm K3 1s a wavelorm of a modulated wave at the time
of the modulation factor PMF=89%, and a waveform K4 1s
a wavelorm of a modulated wave at the time of the modu-
lation factor PMF=78.4%. The respective modulation fac-
tors 1illustrate modulation factors at the time when the
modulated wave and the vertex of the carrier wave, which 1s
a triangular wave, are 1n contact.

In FIG. 11, 1t 1s seen that, 1n portions indicated by broken
lines, phase angle width of portions where the modulated
wave and the carrier wave cross 1s small. At modulation
factors near the modulation factors illustrated 1in FIG. 11, 1t
1s diflicult to avoid the occurrence of the narrow pulse 1n the
portions indicated by the broken lines in FIG. 11.

On the other hand, 1n a method shown 1n FIG. 12, control
for suppressing the occurrence of the narrow pulse 1s per-
formed. Specifically, in a specific phase section where a
phase angle exceeds a specific phase, a modulation factor 1s
changed to an independent large value irrespective of an
output voltage command such that a modulated wave 1s
always larger than a carrier wave and a magnitude relation
between the modulated wave and the carrier wave 1s fixed.
Note that, 1n an illustrated example, a value of the modulated
wave 1n the specific phase section 1s set to a value equal to
or larger than 1.5. However, the value of the modulated
wave can be any value as long as the value of the modulated
wave 1s larger than the amplitude of the carrier wave. The
value of the modulated wave does not have to be a fixed
value as long as the value of the modulated wave 1s a value
larger than the amplitude of the carrier wave. The value does
not have to be the same for each of the modes. Further, as
explained above, in this embodiment, the modulated wave 1s
set to the value different from the normal sine wave in the
specific phase section to stop the switching. However, the
switching can be stopped by setting a value of the carrier
wave to a value different from a triangular wave (e.g., any
value equal to or smaller than 0 on the positive side of an AC
output and any value equal to or larger than O on the negative
side) such that a magnitude relation between the modulated
wave and the carrier wave 1n the specific phase section 1s
fixed.

For example, in the configuration shown in FIG. §, the
control explained above 1s equivalent to processing of the
correction-coeflicient selecting unit 63, the multiplier 67,
and the modulation-factor selecting unit 68 for multiplying
the modulation factor PMF with the correction coeflicient
Kp. In the over-modulation mode applied 1in this embodi-
ment, for example, in the case of a wavetform K4' at the time
of the modulation factor PMF=78.4%, the modulation factor
1s changed to a large value when the phase angle exceeds
1'7mt/54. The phase angle 17m/54 1s the specific phase Os
shown 1n Expression (4) described above. Note that PWM
pulses are generated at ridges of 4.25 triangular waves
present at the phase angles of 0 to 17m/54 [rad] by this
control. However, PWM pulses are not generated at ridges
of 2.5 tnangular waves present at the phase angles of 177/54
[rad] to 90° and signals that are always ON are generated.
The occurrence of the narrow pulse explained with reference
to FIG. 11 can be avoided by this control. Therefore, it 1s
possible to suppress vibration of an output voltage and
suppress occurrence of imnduction failures.

At the phase angle equal to or larger than 90°, control
symmetrical with respect to a straight line passing points of
90° and 270° and orthogonal to the horizontal axis 1s
performed. Therefore, 1n the case of the waveform K4', in
one cycle, seventeen (=4.25x4) PWM pulses are generated
and ten (=2.5x4) PWM pulses are not generated. That 1s, 1n

10

15

20

25

30

35

40

45

50

55

60

65

18

the case of the wavetform K4', the control 1s performed so as

to cancel generation of the ten PWM pulses and generate the

seventeen (27-10) PWM pulses among twenty-seven (=17+

10) PWM pulses. This 1s because a control mode by the

wavelorm K4' 1s referred to as “over-modulation synchro-

nous seventeen pulse mode” and written as “Mode 17p”.
In FIG. 12, the same applies in the case of wavelforms K1

to K3'. The wavetorms K1' to K3' are modulated wave

wavelorms for generating, respectively, an “over-modula-

tion synchronous five pulse mode (Mode 5p)”, an “over-

modulation synchronous nine pulse mode (Mode 9p)”, and

an “‘over-modulation synchronous thirteen pulse mode

(Mode 13p)”. Note that the modulation modes in the first

embodiment are summarized as follows.

(a) The synchronous twenty-seven pulse mode (Mode27p)

The number of pulses of one cycle: twenty-seven pulses

The number of pulses eliminated centering on 90° and 270°

of the phases: none

The specific phase Os: none or n/2 [rad]

(b) The over-modulation synchronous seventeen pulse mode

(Mode 17p)

Carrier wave cycle: same as the cycle of the synchronous

twenty-seven pulse mode

The number of pulses of one cycle: seventeen pulses

The number of pulses eliminated centering on 90° and 270°

of the phases: five pulses each

The specific phase Os=17mn/54[rad]

(c) The over-modulation synchronous thirteen pulse mode

(Mode 13p)

Carrier wave cycle: same as the cycle of the synchronous

twenty-seven pulse mode

The number of pulses of one cycle: thirteen pulses

The number of pulses eliminated centering on 90° and 270°

of the phases: seven pulses each

The specific phase 0s=13m/54[rad]

(d) The over-modulation synchronous nine pulse mode

(Mode 9p)

Carrier wave cycle: same as the cycle of the synchronous

twenty-seven pulse mode

The number of pulses of one cycle: nine pulses

The number of pulses eliminated centering on 90° and 270°

of the phases: nine pulses each

The specific phase 0s=9m/54[rad]

(¢) The over-modulation synchronous five pulse mode

(Mode 5p)

Carrier wave cycle: same as the cycle of the synchronous

twenty-seven pulse mode

he number of pulses of one cycle: five pulses

he number of pulses eliminated centering on 90° and 270°

" the phases: eleven pulses each

he specific phase O0s=5m/54[rad]

FIG. 13 1s a diagram showing phase widths of the specific
phase section determined by the specific phases 1n the
over-modulation modes explained above. The horizontal
axis 1s the modulation factor PMF and the vertical axis 1s the
phase width 0 of the specific phase section. As shown 1n
FIG. 13, imn the over-modulation mode applied in this
embodiment, the specific phase section 1n which the switch-
ing 1s stopped 1s discontinuously changed stepwise. There-
fore, 11 an appropriate specific phase 1s selected, the occur-
rence of the narrow pulse can be suppressed in a transient
situation in which the modulation factor increases in the
over-modulation mode. Note that the specific phases 1llus-
trated 1n this embodiment are respective phases correspond-
ing to portions of troughs of the carrier wave. However, the
specific phases are not limited to the phases. Note that, when
the specific phases are the phases corresponding to the

— S =4
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portions of the troughs of the carrier wave, the modulated
wave and the carrier wave do not cross on the positive side
of the AC output 1n the portions of the troughs. Therefore,
it 1s possible to more surely suppress the occurrence of the
narrow pulse.

The specific phases 1n the respective over-modulation
modes are stored in the specific-phase storing unit 6351
explained with reference to FIG. 8. The specific phases 1n
the over-modulation modes are regularly shifted by one
cycle of the carrier wave at a time to transition the over-
modulation mode such that the number of times of switching,
(the number of pulses) decreases by four 1n one cycle of the
AC output. Consequently, 1t 1s possible to transition the
over-modulation mode without causing imbalance of the left
and the right and the positive and the negative of the AC
output. However, the number of times of switching included
in the respective over-modulation modes only has to be
reduced by a multiple of four at a time and 1s not limited to
be reduced by four at a time.

In this embodiment, the over-modulation mode 1s started
from the over-modulation synchronous seventeen pulse
mode. However, when the first triangular wave waveform of
the carrier wave 1s on the negative side as in this embodi-
ment, an over-modulation mode (1n this embodiment, an
over-modulation synchronous twenty-five pulse mode)
obtained by eliminating two pulses located 1n the each of the
centers on the positive side and the negative side from the
synchronous multi-pulse mode serving as a reference (in this
embodiment, the synchronous twenty-seven pulse mode) 1s
an over-modulation synchronous mode having a largest
number of times of switching (hereinafter referred to as
“over-modulation synchronous maximum pulse mode”).
Theretore, the over-modulation synchronous mode only has
to be appropnately selected from over-modulation synchro-
nous modes having the numbers of times of switching
obtained by subtracting multiples of four from the over-
modulation synchronous maximum pulse mode (in this
embodiment, the over-modulation synchronous twenty-five
pulse mode).

Further, unlike this embodiment, when the first triangular
wave wavelorm of the carrier wave 1s on the positive side,
an over-modulation mode (an over-modulation synchronous
twenty-three pulse modes 11 the synchronous twenty-seven
pulse mode 1s set as a reference) obtained by eliminating
four pulses located 1n each of the centers on the positive side
and the negative side from the synchronous multi-pulse
mode serving as a reference (1n this embodiment, the syn-
chronous twenty-seven pulse mode) 1s an over-modulation
synchronous maximum pulse mode.

When the above 1s taken into account, when the first
triangular wave waveform of the carrier wave 1s on the
negative side, the over-modulation mode 1s transitioned by
appropriately selecting the over-modulation synchronous
mode out of the over-modulation synchronous modes that
are obtained by subtracting multiples of four from the
over-modulation mode synchronous maximum pulse mode
obtained by eliminating two pulses from synchronous multi-
pulse mode serving as the reference. In other words, each
two pulses on the positive side and the negative side only
have to be eliminated from the over-modulation mode
synchronous maximum pulse mode obtained by deleting
cach one pulse on the positive side and the negative side
from the synchronous multi-pulse mode serving as the
reference. Theretfore, the over-modulation mode only has to
be transitioned by appropriately selecting the over-modula-
tion synchronous mode out of the over-modulation synchro-
nous modes 1 each of which the number of pulses (the
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number of peak values of the carrier wave) eliminated in
cach of the positive side and the negative side from the
synchronous multi-pulse mode serving as the reference 1s
odd numbers. As a result, when the first trnangular wave
wavelorm of the carrier wave 1s on the negative side, the
over-modulation mode can be transitioned to the synchro-
nous one pulse mode by reducing the number of times of
switching by a multiple of four at a time as the modulation
factor increases in the over-modulation mode.

Similarly, when the first triangular wave wavetorm of the
carrier wave 1s on the positive side, the over-modulation
mode 1s transitioned by appropriately selecting the over-
modulation synchronous mode out of the over-modulation
synchronous modes that are obtained by subtracting mul-
tiples of four from the over-modulation mode synchronous
maximum pulse mode obtained by eliminating four pulses
from synchronous multi-pulse mode serving as the refer-
ence. In other words, each two pulses on the positive side
and the negative side only have to be further eliminated from
the over-modulation mode synchronous maximum pulse
mode obtained by eliminating each two pulses on the
positive side and the negative side from the synchronous
multi-pulse mode serving as the reference. Therefore, the
over-modulation mode only has to be transitioned by appro-
priately selecting the over-modulation synchronous mode
out of the over-modulation synchronous modes in each of
which the number of pulses (the number of peak values of
the carrier wave) eliminated 1n each of the positive side and
the negative side from the synchronous multi-pulse mode
serving as the reference 1s even numbers. As a result, when
the first triangular wave waveform of the carrier wave 1s on
the positive side, the over-modulation mode can be transi-
tioned to the synchronous three pulse mode by reducing the

number of times of switching by a multiple of four at a time
as the modulation factor increases 1n the over-modulation
mode.

Note that the specific phase 1s a value at the time when the
control for switching the modulation mode in the power
converter from a high side to a low side of the number of
pulses 1s performed. When control for switching the modu-
lation mode 1n the power converter from the low side to the
high side of the number of pulses 1s performed, another
value different from the above can be used to prevent
chattering of control operation. That 1s, 1f hysteresis char-
acteristics are imparted to a specific phase at the time when
the modulation mode 1s switched from the high side to the
low side of the number of pulses and to a specific phase at
the time when the modulation mode 1s switched from the
low side to the high side of the number of pulses, an eflect
1s obtained that it 1s possible to prevent chattering of control
operation.

Subsequently, a setting method for the second mode
switching modulation factor PMF2 serving as a start point of
the over-modulation mode applied in this embodiment 1s
explained. The narrow pulse explained with reference to
FIG. 4(a) and FIG. 11 more easily occurs as the modulation
factor 1s higher and as the carrier wave frequency (the
switching frequency) with respect to the output frequency 1s
larger. Therefore, the narrow pulse 1s likely to occur even at
the modulation factor equal to or lower than /4 when the
carrier wave Irequency increases with respect to the output
frequency. Therefore, 1t 1s desirable to start the over-modu-
lation mode applied 1n this embodiment from a point 1n time
when the modulation factor 1s equal to or lower than m/4. On
the other hand, when the modulation factor 1s sufliciently
small, 1t 1s unnecessary to apply the over-modulation mode

because the narrow pulse 1s unlikely to occur. Therefore, 1t
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1s desirable to calculate a lower limit modulation factor,
which 1s a minimum modulation factor at which the narrow
pulse 1s likely to occur, and determine a start point of the
over-modulation mode on the basis of the calculated lower
limit modulation factor. Note that the lower limit modulation
factor 1s a function of the frequency and the modulation

factor indicated by the straight line L3 1n FIG. 2.

FI1G. 14 1s a diagram showing a relation between the lower
limit modulation factor for suppressing the occurrence of the
narrow pulse and securing the minimum pulse width and the
carrier wave frequency. The “minimum pulse width” 1s a
period 1n which switching elements of the power converting,
unit 2 should be at least kept on (heremaiter referred to as
“minimum ON period”) such that the switching elements
can stably realize switching operation. After once being
turned on, the switching elements are sometimes requested
to maintain an ON state to stabilize the ON state. To secure
the mimimum ON period, a function for outputting, when a
narrow pulse narrower than the minimum pulse width 1s
input as a command value, a switching signal to turn on the
switching elements for the minimum pulse width rather than
a command of the narrow pulse 1s sometimes provided on
the mside of the control section 4. Such a function 1s referred
to as “minimum ON function”.

In FIG. 14, the carrier wave frequency 1s plotted on the
hornizontal axis and the lower limit modulation factor i1s
plotted on the vertical axis. A boundary line M1 1ndicated by
a solid line indicates the lower limit modulation factor that
changes according to the carrier wave frequency. The lower
limit modulation factor 1s a function of the “minimum pulse
width [s]” and the “carrier wave frequency [Hz]” and can be
represented as indicated by the following Expression.

Lower limit modulation factor=(m/4)x(1-minimum
pulse widthxcarrier frequencyx2)

(7)

FIG. 14 indicates that, for example, “approximately 0.7
1s the lower limit modulation factor when the carrier wave
frequency 1s 3000 Hz and “approximately 0.6 1s the lower
limit modulation factor when the carrier wave frequency 1s
6000 Hz (the minimum ON width 1s 0.2 [us]). The lower
limit modulation factor decreases as the carrier wave Ire-
quency increases. However, the over-modulation mode does
not always need to be started at a point on the lower limit
modulation factor M1. The over-modulation mode only has
to be started from any point where the modulation factor 1s
equal to or higher than the lower limit modulation factor and
lower than n/4 taking into account a permissible narrow
pulse.

Therefore, 1n this embodiment, the power converter 1s
operated in the asynchronous mode up to the lower limait
modulation factor. After the modulation mode 1s switched to
the synchronous multi-pulse mode (the synchronous twenty-
seven pulse mode), the over-modulation mode 1s started
from the second mode switching modulation factor PMFE2
while the modulation factor i1s equal to or higher than the
lower limit modulation factor and lower than /4. However,
when 1t 1s desired to more surely suppress the occurrence of
the narrow pulse, the over-modulation mode can be started
from when the modulation factor 1s equal to the lower limait
modulation factor. On the other hand, 1n a low-speed region
where the modulation factor 1s equal to or lower than the
lower limit modulation factor, it 1s desirable to apply the
asynchronous mode in which the switching frequency 1is
high, a harmonic loss of the AC load can be reduced, and
complicated control 1s unnecessary. Therefore, in this
embodiment, the asynchronous mode 1s applied until the
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modulation factor i1s equal to the lower limit modulation
factor to extend a region of the asynchronous mode as much
as possible.

In the conventional power converter, the over-modulation
mode 1s applied when the modulation factor 1s equal to or
higher than m/4. Therefore, as 1t 1s seen from the lower limit
modulation factor shown in FIG. 14, the narrow pulse
sometimes occurs even when the modulation factor 1s lower
than m/4. Stable switching operation cannot be realized
unless the minimum ON function 1s not provided in the
control unit. If the minimum ON function 1s provided, an
error occurs between a pulse width output as a command
value and an ON time 1n which the power converter actually
operates. Therefore, 1t 1s likely that vibration occurs in an
output voltage and induction failures are caused.

On the other hand, 1n the power converter according to
this embodiment, the over-modulation mode 1s started from
any point where the modulation factor 1s equal to or higher
than the lower limit modulation factor and lower than m/4.
Therefore, it 1s possible to suppress the occurrence of the
narrow pulse. As 1t 1s evident from this, the essence of the
present invention compared with the conventional technol-
ogy 1s considered to reside in the application of the over-
modulation mode 1n the region where the modulation factor
1s lower than m/4. According to this control, the power
converter 1n the first embodiment achieves a conspicuous
ellect not achieved by the conventional technology that 1t 1s
possible to suppress vibration of the output voltage due to
the narrow pulse and suppress occurrence of induction
tailures.

The preferred embodiments according to the power con-
verter of the present mnvention are explained above. How-
ever, a part of the configuration explained above can be
omitted or changed and a part of the control operation
explained above can be omitted or changed 1n a range not
departing from the gist of the present invention explained
below.

A first gist of the present invention resides in that, from a
point 1n time when the modulation factor 1s lower than m/4,
for a first period (a period in which the output voltage
command 1s positive 1in the specific phase section) that 1s a
pertod 1n which the fundamental wave of the AC output
voltage applied to the AC load 1 by the power converter 2
1s positive, the first period including a positive peak value of
the AC output voltage, generating the modulated wave
having a value always larger than a value of the carrier wave
and generating a pulse wavelorm according to comparison
ol the modulated wave and the carnier wave. Note that the
“period 1n which the fundamental wave 1s positive” can be
read as a “period in which the fundamental wave 1s nega-
tive”, “the positive peak value” can be read as a “negative
peak value”, “the value always larger” can be read as “a
value always smaller”, and the *“first period” can be read as
a “second period”. The “AC output voltage” can be read as
an “output voltage command”. According to this operation,
it 1s possible to suppress the occurrence of the narrow pulse
even 1n a region where the modulation factor 1s lower than
/4 that 1s not taken into account in the conventional
over-modulation mode.

Note that the first period 1s different depending on the
modulation mode. In this embodiment, an example 1s
explained in which, for example, during the over-modula-
tion synchronous seventeen pulse mode, a range of £3m/27
(=m/2-17m/54) centering on m/2 (90°), that 1s, a range of a
value equal to or larger than 17m/54 and smaller than 37m/54
(=m/2+5m/277) 1s set as the first period. Note that 1t goes
without saying that a range of £3m/27 centering on 3m/2
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(270°), that 1s, a range of a value equal to or larger than
71m/54 (=3m/2-5m/2"7) and smaller than 91 /54 (=3n/2+5m/

2'7) also corresponds to the first period.

A second gist of the present invention resides 1n, 1n a third
period (the switching period explained above) that 1s a
period other than the first period and the second period,
correcting the value of the modulated wave such that the
absolute value of the output voltage decreases. This takes
into account the fact that the absolute value of an actual
output voltage increases with respect to the output voltage
command when the occurrence of the narrow pulse 1is
suppressed 1n the first period. Note that the “period 1n which
the fundamental wave 1s positive” can be read as a “period
in which the fundamental wave 1s negative” and the “small
value” can be read as a “large value”. According to this
operation, 1t 1s possible to suppress an error of an output
voltage involved 1n the application of the over-modulation
mode and 1mprove accuracy of the output voltage.

Note that the third period 1s different depending on the
modulation mode. In this embodiment, for example, during
the over-modulation synchronous thirteen pulse mode, a

range ol a value equal to or larger than 0 (0°) and smaller
than 13m/54, a range of a value equal to or larger than 41/54
(=n-13m/54) and smaller than 67m/54 (=n+137/34), or a
range of a value equal to or larger than 957/54 (=2n-13m/54)
and smaller than 27 corresponds to the third period.

A third gist of the present invention resides 1n, as the
amplitude (or the modulation factor) of the output voltage
command 1ncreases, icreasing the specific phase section 1n
which the switching 1s stopped, that 1s, a ratio of the first
period and the second period 1n one cycle of the AC output
voltage stepwise, 1n other words, nonlinearly and discon-
tinuously. According to this operation, 1rrespective of a start
point 1n time of the over-modulation mode, it 1s possible to
suppress the occurrence of the narrow pulse even in a
transient change i which the modulation factor and the
output frequency increase.

A Tourth gist of the present invention resides in, as the
amplitude of the output voltage command increases or
decreases, 1ncreasing a correction value 1n the third period
(the switching period) stepwise, 1n other words, nonlinearly
and discontinuously so that the absolute value of the output
voltage decreases. Note that 1t 1s desirable that control by the
fourth gist 1s switched simultaneously with the control by
the third gist.

A fifth gist of the present invention resides 1n setting the
first period such that, when a pulse of a first carrier wave at
the time when the output voltage command 1s positive 1s
negative, the number of peak values of the carrier wave
included 1n the first period 1s an odd number and, when the
pulse of the first carrier wave at the time when the output
voltage command becomes positive 1s positive, the number
of peak values of the carrier wave included 1n the first period
1s an even number. According to this control, 1t 1s possible
to maintain symmetry of the positive and the negative and
the left and the rnight in the over-modulation mode and
suppress 1imbalance of the output voltage.

Further, 1n the imnvention including the first gist, if timing
for starting the over-modulation mode 1s set at a point in time
when the modulated factor has a value equal to or smaller
than the lower limit modulation factor, it 1s possible to
maintain an ON state where ON operation of all the switch-
ing elements last for a period longer than the mimmum ON
time. Therefore, even when the modulation factor 1s lower
than /4, it 1s possible to completely suppress the occurrence
of the narrow pulse.
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Note that the power converter including the minimum ON
function can suppress the occurrence of the narrow pulse.

However, when the power converter includes the minimum
ON function, an error of the output voltage occurs because
an error occurs between an ON command based on the
voltage command value and an actual ON time. Therefore,
according to the present invention, there 1s an effect that
even a power converter not ncluding the minimum ON
function can suppress the occurrence of the narrow pulse,
and 1t 1s possible to suppress the error of the output voltage
even 1f the present mnvention 1s applied to the power con-
verter including the minimum ON function. Therefore, 1t 1s
desirable to apply the present invention irrespective of
presence or absence of the minimum ON function.

Note that the content of the gist of the present mnvention
1s different from a control method called two-phase modu-
lation. The two-phase modulation 1s a technology for pro-
viding a period in which switching 1s halted at every 60° of
the U, V, and W phases using a characteristic of a three-
phase AC voltage 1n which a line-to-line voltage 1s 1nvari-
able even 1f a voltage signal common to the three phases 1s
applied to phase voltages. In the two-phase modulation,
switching operation 1s always halted in any one of the phases
in one cycle of an AC output voltage. However, i the
present 1nvention, 1t 1s not always necessary to halt the
switching operation 1n any one of the phases. More speciii-
cally, when a relation of “Nover/Nca=2/3" 1s satisfied 1n
Expression (4) described above, although the switching halt
period 1n the two-phase modulation and the specific phase
section of the present invention coincide, the two-phase
modulation does not change the switching halt period
according to a modulation factor unlike the present inven-
tion.

Second Embodiment

In a second embodiment, a vehicle driving system applied
with the power converter explained 1n the first embodiment
1s explained.

FIG. 15 1s a diagram showing a configuration example of
a vehicle driving system in which the power converter
according to the first embodiment 1s applied to a railroad
vehicle. The vehicle driving system according to the second
embodiment includes an AC motor 101, a power converting
unit 102, an input circuit 103, and a control unit 108. The AC
motor 101 corresponds to the AC load 1 shown 1n FIG. 1 and
1s mounted on the railroad vehicle. The power converting
unmt 102 1s the same as the power converting unit 2 shown
in FIG. 1 and includes switching elements 104a, 105a, 1064,
1045, 105H, and 1066. The power converting unit 102
converts a DC voltage supplied from the mput circuit 103
into an AC voltage having any frequency and any voltage
and drives the AC motor 101. The control unit 108 1is
equivalent to the power converter explained in the first
embodiment. That 1s, the control unit 108 includes the
switching-signal generating unit 4 and the modulation-factor
computing unit 8 explained in the first embodiment. The
control unit 108 generates the switching signals SWu, SWv,
and SWw for controlling the power converting unit 102.

Although not shown 1n the figure, the mput circuit 103
includes a switch, a filter capacitor, and a filter reactor. One
end of the input circuit 103 1s connected to an overhead wire
110 via a current collector 111. The other end 1s connected
to a rail 114, which 1s ground potential, via a wheel 113. The
iput circuit 103 receives supply of DC power or AC power
from the overhead wire 110 and generates DC power sup-
plied to the power converting unit 102.
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By applying the power converter in the first embodiment
to the vehicle driving system 1n this way, 1t 1s possible to
supply a stable voltage without voltage vibration and the like
to the AC motor 101. Therefore, 1t 1s possible to suppress
induction failures and realize stable vehicle control.

Third Embodiment

In a third embodiment, a configuration 1n which 3n-th
order (n 1s a positive integer) harmonics of a fundamental
wave 1s superimposed on a modulated wave 1s explained.
This embodiment 1s different from the first embodiment in a
calculation method for a modulated wave, a start point 1n
time of over-modulation mode, and a lower limit modulation
factor of the over-modulation mode. Theretfore, the differ-
ences are explained below.

In this embodiment, third-order harmonics 1s superim-
posed on a fundamental wave of a modulated wave as 3n-th
order harmonics. Therefore, the modulated-wave computing
unit 69 generates, using the modulated wave phase angles
Ou, Ov, and Ow and the narrow pulse avoidance modulation
factors Au, Av, and Aw, according to the following expres-
s1on, the modulated waves (hereinafter referred to as “third-
order superimposed modulated waves™ according to neces-
sity) au, av, and ow on which third-order harmonic
components of the fundamental wave are superimposed. It 1s
known that a maximum output voltage 1s 1mproved by
superimposing the 3n-th order harmonics of the fundamental
wave on the modulated wave in this way. This 1s heremnafter
referred to as “third-order superimposition control”. When
the third-order superimposition control 1s applied, the 3n-th
order harmonics are included 1n output voltages output to the
phases. However, in a three-phase AC load, third-order
harmonics including in a line-to-line voltage 1s cancelled.
Only an advantage of the improvement of the maximum
output voltage can be enjoyed.

au=Aux{sin(0u)+(Ve)xsin(30u)}
av=Avx{sin(Ov)+(Ve)xsin(30v)}

aw=Awx{sin(Ow)+(Ve)xsin(30w)} (R)

As explained above, 1n the conventional over-modulation
mode, the over-modulation mode 1s started by gradually
increasing the maximum amplitude value of the modulated
wave, which 1s the fundamental wave of the output voltage
command, according to the output voltage command. There-
fore, the start of the over-modulation mode 1s from the point
in time of the modulation factor m/4 at which the maximum
amphtude of the modulated wave and the maximum value of
the carrier wave coincide. On the other hand, when the
third-order superimposition control 1s applied, the maximum
amplitude of the modulated wave coincides with the maxi-
mum value of the carrier wave at a point in time when the
modulation factor is m/V(12). Therefore, the start of the
conventional over-modulation mode i1s the point in time
when the modulation factor is w/vV/(12). However, as in the
case 1n which the third-order superimposition control 1s not
applied, 1t 1s likely that the narrow pulse occurs even when
the modulation factor at which the maximum amplitude of
the modulated wave coincides with the maximum value of
the carrier wave is lower than /V(12). Therefore, when the
third-order superimposition control of the fundamental wave
1s applied to the modulated wave, 1t 1s important to start the
over-modulation mode from a poimnt in time when the
modulation factor is lower than mA/(12) by setting the
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second mode switching modulation factor PMF2 for deter-
mining the start of the over-modulation mode to a value
smaller than t/vV(12).

Further, when the third-order superimposition control 1s
applied, the lower limit modulation factor for determining
the start of the over-modulation mode 1s also different. FIG.
16 1s a diagram showing the lower limit modulation factor
for securing the minimum pulse width 1n the case of a
third-order superimposition modulated wave. In FIG. 16, the
carrier wave Irequency 1s plotted on the horizontal axis and
the lower limit modulation factor 1s plotted on the vertical
axis. A boundary line M2 indicated by a solid line indicates
the lower limit modulation factor that changes according to
the carrier wave frequency. However, the boundary line M2
1s different from a boundary line at the time when the
third-order superimposition control 1s not applied. In the
case of the third-order superimposition control, the lower
limit modulation factor 1s a function of the “mimmum pulse
width” and the “carrier wave frequency” and can be repre-
sented as indicated by the following expression.

Lower limit modulation factor=(st/vV/(12))x(1-mini-
mum pulse widthxcarrier wave frequencyx2)

9)

Theretfore, 1n this embodiment, the over-modulation mode
1s started from a point 1n time when the modulation factor 1s
equal to or higher than the lower limit modulation factor
indicated by Expression (9) and lower than m/V/(12).

The modulation mode according to this embodiment 1s
summarized as explained below. When the modulation fac-
tor PMF 1s equal to or higher than O and lower than the first
mode switching modulation factor PMF1, the modulation
mode 1s the asynchronous mode i which the third-order
superimposition control 1s applied. When the modulation
factor 1s equal to or higher than the first mode switching
modulation factor PMF1 and lower than the second mode
switching modulation factor PMF2, the modulation mode 1s
the synchronous multi-pulse mode (e.g., the synchronous
twenty-seven pulse mode). When the modulation factor 1s
equal to or higher than the second mode switching modu-
lation factor PMF2, the modulation mode 1s the over-
modulation mode same as the over-modulation mode 1n the
first embodiment. When the modulation factor 1s 100%, the
modulation mode 1s the synchronous one pulse mode.

Because the third-order superimposition control 1s applied
in this embodiment, the asynchronous mode and the syn-
chronous multi-pulse mode can be extended to the modu-
lation factor m/v(12) at which a maximum value of the
modulated wave superimposed with the third-order harmon-
ics and a maximum value of the carrnier wave coincide.
Theretore, the first mode switching modulation factor PMFE1
1s desirably set to a value equal to or larger than m/4 and
smaller than t/V/(12), for example, the modulation factor 0.8
and more desirably set to an intersection of the control curve
(the modulation factor/frequency characteristic) L1 during
the VVVF control shown in FIG. 2 and the lower limit
modulation factor calculated by Expression (9). Conse-
quently, 1t 1s possible to extend the asynchronous mode as
much as possible while suppressing the occurrence of the
narrow pulse.

Further, as in the first embodiment, the synchronous
multi-pulse mode applied between the ﬁrst mode switching
modulation factor PMF1 and the second mode switching
modulation factor PMF2 can be omitted. The over-modula-
tion mode can be applied from a point in time when the
modulation factor 1s equal to or higher than the first mode
switching modulation factor PMF1. In such a case, 11 the first
mode switching modulation factor PMF1 1s set as explained
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above, the over-modulation mode 1s started from the point 1n
time when the modulation factor i1s equal to or higher than
the lower limit modulation factor and lower than m/V(12).

Therefore, 1t 1s possible to suppress the occurrence of the
narrow pulse even when the modulation factor 1s lower than
n/V(12) not taken into account in the past.

Note that, as explained above, the third-order superimpo-
sition control can improve the maximum output voltage
from the modulation factor m/4 to the modulation factor
n/V(12). However, in the over-modulation mode, a voltage
equal to or higher than the modulation factor m/4 can be
output even 1f the third-order superimposition control 1s not
applied. Therefore, the third-order superimposition control
does not have to be applied in the over-modulation mode.
According to this control, 1t 1s possible to suppress the
generation of the modulated wave 1n the over-modulation
mode from being complicated more than necessary.

A calculation method for the modulated wave 1n the
third-order superimposition control 1s not limited to the
operational expression of Expression (8) for superimposing
the third-order harmonics. In the three-phase power con-
verter, harmonics can be included in output voltages to the
phases 1 harmonics are not included in the line-to-line
voltage output by the power converting unit. According to
this control, the waveform of the modulated wave has
flexibility. The modulated wave can be the modulated wave
superimposed with the third-order harmonic component of
the fundamental wave as explained above or can be a
modulated wave superimposed with a plurality of 3n-th
order harmonic components of the fundamental wave. Fur-
ther, the harmonics to be superimposed 1s not limited to the
sine wave. For example, a triangular wave can be used.

Subsequently, a material of the switching eclements
included in the power converting unit 1n the first to third
embodiments 1s explained. In general, a switching element
used 1n a power converter 1s a switching element 1n which
a semiconductor transistor element (IGBT, MOSFET, etc.)
including silicon (S1) as a material and a semiconductor
diode element including silicon as a material are connected
in anti-parallel. The technology explained 1n the first to third
embodiments can be used in the power converter including
the general switching element.

On the other hand, the technology in the first to third
embodiments 1s not limited to the switching element formed
using the silicon as the material. It 1s naturally possible to
use, 1 the power converter, a switching element consisting,
of a wide-band gap semiconductor such as silicon carbide
(S1C), which attracts attention in recent years as a low-loss
and high-pressure resistant semiconductor element, instead
of the silicon.

The silicon carbide, which 1s a kind of the wide-band gap
semiconductor, has a characteristic that, compared with the
silicon, the silicon carbide can greatly reduce a loss that
occurs 1n the semiconductor element and can be used at high
temperature. Therefore, 1 the switching element including
the silicon carbide as the matenal 1s used as the switching
clements 1included 1n the power converting unit, 1t 1s possible
to raise an allowable working temperature of the switching
clement module to a high-temperature side. Therefore, 1t 1s
possible to increase the carrier wave frequency and improve
the operation efliciency of the AC load. However, when the
carrier wave frequency 1s increased, there 1s the problem of
induction failures due to the occurrence of the narrow pulse
explained above. Therefore, 1t 1s diflicult to perform control
for simply increasing the carrier wave frequency without
taking measures for solving the problem.
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As explained above, with the technology according to the
first to third embodiments, 1n the power converter that
performs the PWM control, even 1 the switching speed 1s
increased using the switching element including the silicon
carbide as the material, 1t 1s possible to suppress the occur-
rence ol the narrow pulse. Therefore, 1t 1s possible to
improve the operation efliciency of the AC load while
suppressing the occurrence of induction failures.

Note that the silicon carbide (S1C) 1s an example of a
semiconductor called wide-band gap semiconductor in view
ol a characteristic that a band gap 1s larger than a band gap
of the silicon (S1). Besides the silicon carbide, for example,
a semiconductor formed using a gallium nitride material or
diamond also belongs to the wide-band gap semiconductor.
Characteristics of the materials are simailar to the character-
istic of the silicon carbide 1n many points. Therefore, a
configuration in which the wide-band gap semiconductor
other than the silicon carbide is used also forms the gist of
the present ivention.

Note that the configurations explained in the first to third
embodiments indicate an example of the contents of the
present invention. It 1s possible to combine the configura-
tions with another publicly-known technology. It 1s possible
to omit or change a part of the configurations 1n a range not
departing from the gist of the present invention.

REFERENCE SIGNS LIST

1 AC load

2 power converting unit

3 DC power source

4 switching-signal generating unit

5 carrier-wave generating unit

6 modulated-wave generating unit

7 comparing unit

8 modulation-factor computing unit

10 voltage detecting unit

20 control unit

61 mode selecting unit

62 correction-coeflicient table group

63 correction-coeflicient selecting unit

64 phase-condition table group

65 specific-phase selecting unit

66 three-phase generating unit

67 multiplier

68 modulation-factor selecting unit

69 modulated-wave computing unit

101 AC motor

102 power converting unit

104a, 105a, 106a, 104H, 1055, 1065 switching element
103 1input circuit

108 control unit

110 overhead wire

111 current collector

113 wheel

114 rail

611, 612, 613, 614, 682 comparison determiner
615, 616, 617 adder

631 modulation-factor-correction-coetlicient storing unit
651 specific-phase storing unit

681 phase converting unit

683 modulated-wave-amplitude switching unit

The mvention claimed 1s:

1. A power converter comprising:

a power converting unit including a switching element,
the power converting unit converting DC power 1nto
AC power; and

e
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a control unit including a modulated-wave generating unit
to generate a modulated wave synchronized with an
output voltage command of the power converting unit
and a carrier-wave generating unit to output a carrier
wave having a frequency higher than a frequency of the
modulated wave, the control unit controlling the power
converting unit by comparing the modulated wave and
the carrier wave to output a switching signal for driving
the switching element, wherein

when a modulation factor 1n converting the DC power
into the AC power 1s equal to or higher than a mode
switching modulation factor and 1s lower than /4, the
power converting unit converts the DC power 1nto the
AC power 1 an over-modulation mode, 1 which
switching of the switching element 1s stopped for a
period longer than one cycle of the carrier wave and a
ratio of the first period 1 one cycle of the AC output
voltage increases as the modulation factor increases, in
a first period 1n which an AC output voltage 1s positive
and timing ol a positive peak value of the AC output
voltage 1s included.

2. The power converter according to claim 1, wherein, in
the over-modulation mode, the power converting unit causes
the switching of the switching element to be stopped for a
period longer than one cycle of the carrier wave 1n a second
period 1n which the output voltage command 1s negative and
timing ol a negative peak value of the output voltage
command 1s included.

3. The power converter according to claim 1, wherein the
power converting unit increases a ratio of the first period in
one cycle of an AC output voltage stepwise as the modula-
tion factor increases in the over-modulation mode.

4. The power converter according to claim 1, wherein

the modulated-wave generating unit includes:

a mode selecting unit to generate a mode selection code
for i1dentitying a PWM mode on the basis of the
modulation factor; and

a correction-coetlicient selecting unit to store a correction
coellicient corresponding to the PWM mode, and select
a correction coellicient corresponding to the mode
selection code, and

the modulated-wave generating unit corrects the modu-
lation factor according to the correction coeflicient
selected by the correction-coetlicient selecting unit to
correct a value of the modulated wave.

5. The power converter according to claim 1, wherein

the modulated-wave generating unit includes:

a mode selecting unit to generate a mode selection code
for i1dentitying a PWM mode on the basis of the
modulation factor; and

a specilic-phase selecting unit to store a specific phase
corresponding to the PWM mode therein and select a
specific phase corresponding to the mode selection
code, and

the modulated-wave generating unit generates the modu-
lated wave according to the specific phase selected by
the specific-phase selecting unit.

6. The power converter according to claim 1, wherein the

carrier wave 1s synchronized with the modulated wave.

7. The power converter according to claim 1, wherein a
modulated wave generated by the modulated wave and the
carrier wave 1s a three-phase modulated wave.

8. The power converter according to claim 1, wherein the
mode switching modulation factor 1s equal to or higher than
a lower limit modulation factor determined by a minimum
pulse width of the switching element and a frequency of the
carrier wave.
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9. The power converter according to claim 1, wherein the
switching element included 1n the power converting unit 1s
formed by a wide-band gap semiconductor.

10. A vehicle driving system comprising:

the power converter according to claim 1;

an 1put circuit to generate mput power to the power

converter; and

an electric motor driven by the power converter.

11. A power converter comprising:

a power converting unit including a switching element,
the power converting unit converting DC power 1nto
AC power; and

a control unit including a modulated-wave generating unit
to generate a modulated wave synchronized with an
output voltage command of the power converting unit
and a carrier-wave generating unit to output a carrier
wave having a frequency higher than a frequency of the
modulated wave, the control unit controlling the power
converting unit by comparing the modulated wave and
the carrier wave to output a switching signal for driving
the switching element, wherein

when a modulation factor 1 converting the DC power
into the AC power 1s lower than a mode switching
modulation factor and is lower than 7/V(12), the power
converting unit outputs an AC voltage superimposed
with 3n-th (n 1s a positive integer) order harmonics, and

when the modulation factor 1s equal to or higher than the
mode switching modulation factor, the power convert-
ing unit converts the DC power 1nto the AC power 1n
an over-modulation mode, 1n which switching of the
switching element 1s stopped for a period longer than
one cycle of the carrier wave and a ratio of the first
period 1n one cycle of the AC output voltage increases
as the modulation factor increases, 1 a first period 1n
which an AC output voltage 1s positive and timing of a
positive peak value of AC the output voltage 1s
included.

12. The power converter according to claim 11, wherein,
in the over-modulation mode, the power converting unit
causes the switching of the switching element to be stopped
for a period longer than one cycle of the carrier wave 1n a
second period in which the output voltage command 1s
negative and timing of a negative peak value of the output
voltage command 1s included.

13. The power converter according to claim 11, wherein
the power converting unit increases a ratio of the first period
in one cycle of an AC output voltage stepwise as the
modulation factor increases i1n the over-modulation mode.

14. The power converter according to claim 11, wherein

the modulated-wave generating unit includes:

a mode selecting unit to generate a mode selection code
for i1dentitying a PWM mode on the basis of the
modulation factor; and

a correction-coellicient selecting unit to store a correction
coellicient corresponding to the PWM mode, and select
a correction coellicient corresponding to the mode
selection code, and

the modulated-wave generating unit corrects the modu-
lation factor according to the correction coetlicient
selected by the correction-coethicient selecting unit to
correct a value of the modulated wave.

15. The power converter according to claim 11, wherein

the modulated-wave generating unit includes:

a mode selecting unit to generate a mode selection code
for i1dentitying a PWM mode on the basis of the
modulation factor; and
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a specific-phase selecting unit to store a specific phase
corresponding to the PWM mode therein and select a
specific phase corresponding to the mode selection
code, and

the modulated-wave generating unit generates the modu-
lated wave according to the specific phase selected by
the specific-phase selecting unait.

16. The power converter according to claim 11, wherein

the carrier wave 1s synchronized with the modulated wave.

17. The power converter according to claim 11, wherein
a modulated wave generated by the modulated wave and the
carrier wave 1s a three-phase modulated wave.

18. The power converter according to claim 11, wherein
the mode switching modulation factor 1s equal to or higher
than a lower limit modulation factor determined by a mini-
mum pulse width of the switching element and a frequency
of the carrier wave.

19. The power converter according to claim 11, wherein
the switching element included 1n the power converting unit
1s formed by a wide-band gap semiconductor.

20. A vehicle driving system comprising:

the power converter according to claim 11;

an 1nput circuit to generate input power to the power
converter; and

an electric motor driven by the power converter.
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